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Abstract 
A simple procedure is suggested by which cyclic voltammograms, CVs, pertaining to partially 
diffusion controlled charge transfer reactions can be analyzed. Using this procedure, from a set of 
CVs taken at varied scan rates, two scan-rate independent, hysteresis-free functions can be 
calculated. One of them is the diffusion-free polarization curve, the other is the semiintegrated form 
of the reversible CV.  
 
1. Introduction 
Cyclic voltammetry (CV) is a widely used experimental method for studying kinetics of electrode 
processes: the current density, as a function of time, )(tj  is measured as a function of time-varying 
potential, )(tE . The latter is scanned between two limits with constant speed, dtdEv / ; the CVs 
are the )(Ej  curves. Both )(tj  and )(Ej  are complicated functions of v ; hence comparison of two 
CVs measured with different v  is far from being trivial.  
In rare, simple cases, however, there exist mathematical transformations by which CVs taken with 
different scan rates can be transformed to the one-and-the-same )(ET  function – which function 
does not “remember” the actual form of )(tE , it has hysteresis-free, scan rate independent form. 
That is, )(ET  is a state function. To illustrate this statement, two typical cases are worth to be 
mentioned: (i) In the case when double-layer charging proceeds only, the dc capacitance defined as 
vEj /)(  is independent of v; (ii) The CVs of reversible redox couples can be transformed to 
hysteresis-free polarograpic-wave shaped curves using semiintegration. In these two cases the scan-
rate normalized and semiintegrated currents, respectively, are the scan-rate independent 
representations of the measured data. 
In contrast to the case of the reversible CVs, the CVs of slower redox systems, called quasi-
reversible CVs cannot be transformed to a single )(ET  function. However, as shown in this paper, 
by measuring a set of quasi-reversible CVs with different scan rates, two such state functions can be 
obtained by a simple procedure. One of them characterizes charge transfer kinetics, the other the 
diffusion. Having derived the relevant equations, the transformation is tested with simulated quasi-
reversible CV curves. 
 
2. Theory 
Consider a CV measurement of a quasi-reversible redox system [1] with the condition that only the 
reduced form is present. This species takes part in an n-electron, single-step charge transfer reaction 
on the electrode. Were the charge transfer not hindered by slow diffusion, the current density would 
be expressed by the  
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redinf F)()( cnEkEj   (1) 
equation where the subscript inf refers to the infinite transport rate, cred is the bulk concentration of 
the reduced species, and the rate coefficient k(E) is an exponential function of potential. Whenever 
k(E) is sufficiently high, the reaction becomes diffusion controlled, and the surface concentrations 
of both the reduced and the generated oxidised species ( scred  and 
scox , resp.) differ from those in the 
bulk. Time-dependence enters the picture just because the concentration differences between surface 
and bulk, i.e. because of transport hindrance. Then, the time and potential dependence of the current 
density, ),( tEj  is expressed by the following form of the Butler-Volmer law: 
        TEEtcTEEtckntEj R/Fexp)(R/Fexp)(F),( 0csox0asred0    (2) 
Here the other-than-mentioned symbols are of their usual meaning.  
The CVs of such systems have been theoretically analyzed by a number of authors decades ago; 
here the starting point is a result of such a paper, Ref. [2]. The 4th equation on page 181 therein 
expresses how the the rate coefficient of the charge transfer, )(Ek , should be calculated from )(Ej . 
With little changes (oxidation rather than reduction is considered, and some of the symbols has been 
changed to adhere to the usage of recent related communications [3,4,5]) that equation reads as 
    )R/)F(exp(1)()()( 2/1l
1/2
red TEEnEMMEjDEk   (3) 
Here E1/2 and Dred are the half-wave potential of the redox pair (see Ref. 1, Ch.5) and the diffusion 
coefficient of the reduced species, respectively. )(EM  and Ml needs explanation: )(EM  is the so-
called semiintegral of the )(tj  current density at the actual )(tE  potential; the )(tM  semiintegral is 
calculated by the following convolution: 
   

t
t
dj
tM



)(1
)(  (4) 
The )(tM  function has special relevance in the case of CVs of reversible systems, that is, when the 
charge transfer in both directions is infinitely fast. Whereas the reversible CVs exhibit a 
characteristic hysteresis, )(tM  plotted against )(tE  is a scan-rate independent, hysteresis-free 
curve, )(rev EM . The properties of )(rev EM  has first been analyzed by Oldham [6]; for a detailed 
analysis see his  recent textbook [4]. From the present point of view important is the  
   )]R/Fexp(1/[)( 2/1lrev TEEnMEM    (5) 
equation where  
 redredl F DcnM    (6) 
that is, Ml is the limiting value of revM  for 2/1EE  . Note that alternative forms of Eq.5 also exist: 
   TEEnMM R/Ftanh12/ 2/1lrev   and )]/(ln[F)/R( revlrev2/1 MMMnTEE  . 
Since just as )(inf Ej , )(rev EM  does not depend on time-dependent variables, these two are scan-rate 
independent forms of charge transfer and diffusion, respectively.  
Combining Eqs. 1, 3, 5 and 6, we get the following equation: 
 ))((
)(
)(
)())((
rev
inf
inf tEM
EM
Ej
EjtEj   (7) 
Note that here only j and M are time-dependent quantities.  
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Assume a set of CVs measured at different scan rates v; consider points at one and the same E  
potential. At that potential both j and M will be different for the different scan rates, so Eq.7 can be 
written as  
 ),(
)(
)(
)(),(
rev
inf
inf vM
M
j
jvj 


   (8) 
 
 
Fig.1. Properties of the )(j  vs )(M plot (cf. Eq. 8) 
 
That is, for any  , a linear relationship ( )(constconst)( 21 vMvj  ) exists between j and M. 
Hence, if we measure CVs at different scan rates, calculate the semiintegrals, plot the Mj   point 
pairs of the same   for all the scan rates, then a straight line is expected. Using e.g., a linear least 
mean squares (lms) procedure the intercept and slope can be obtained, from which )(inf j  and 
)(rev M  values can be calculated. This is graphically expressed in Fig.1. Repeating this procedure 
for all  s, we get )(inf Ej  and )(rev EM  functions. 
 
3. Results of numerical tests 
For testing the properties of the transformation of Eq.8, simulated CVs were generated by a 
computer program. This was based on the explicit Euler method for solving the partial differential 
equation relevant to the transport of the redox species [7], taking also into account the quasi-
reversible charge transfer [8] and solution resistance [9]. 
A set of simulated first-cycle CVs, for five scan rates is displayed in Fig.2a. First, semiintegrated 
forms were calculated using the algorithm of Ref. 10; these are shown in Fig.2b. Second, the 
datasets were re-organized to have Mj   data pairs at the same potential. Third, according to Eq.8, 
straight lines were fitted to these points by lms. Finally from the fitted slopes and intercepts revM  
and infj  values vere calculated for each potential. The obtained )(inf Ej  and )(EM rev  functions are 
shown in Fig.2c. Both curves are hysteresis-free; the characteristic values of the curves: lM , j  and 
the dE(j)d log  slope at 0E  are exactly the same as can be calculated from the input data. 
Whereas hysteresis or scatter of the points on the )(EM rev  curve is invisibly small, the ))(log( inf Ej  
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exhibits scatters and deviations from the straight line close to the vertex potentials. In these ranges 
)(inf Ej  is either too large or too small, causing numerical errors in the calculations. 
 
  
 
Fig.2. (a) Simulated CVs. Simulation parameters: redD = oxD =10
-5
 cm
2
/s, redc =10
-6
 mol/cm
3
,  
oxc =0 mol/cm
3
, E0=0 V, k0=0.001 cm/s, n=1, αa=αc=0.5, v as indicated. (b). The semiintegrated 
CVs. (c) The )(inf Ej  and )(EM rev  functions. 
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4. Discussion 
1. Apparently Eq. 8 is a simple combination of four equations known and used for decades. The 
novelty is that instead of analyzing a single CV – as it was done in the previous studies [2-5], we 
evaluate a set of CVs with different scan rates together. In the present way of analysis, there is an 
implicit scan rate dependence involved; this is how we can extrapolate to ideally kinetics-controlled 
and transport controlled situations. Here the scan rate plays the role of tuning the ratio of rates of 
charge transfer and transport, analogously to the role of rotation frequency of an RDE (as expressed 
by the Koutecky-Levich equation, see Ref. 1, Ch.14.4.1) or to the role of frequency in impedance 
measurements (when Warburg term of the Faradaic impedance shrinks to yield the charge transfer 
resistance at the high frequency limit, see Ref. 1, Ch.10.4.1).  
2. Eq.8 is derived for the case when only one form of the redox system is present in the solution 
bulk. However, it works well also with both forms are present. As it will be shown in a forthcoming 
publication, both the cathodic and the anodic branch of the )(inf Ej  polarization curve appear; and 
both plateaus of )(EM rev  appear with values expected from the input data and the correspondig 
theory [11].  
3. For an lms fit at least three CVs of different scan rates are needed. However, it is just sufficient to 
measure two CVs with different scan rates, yielding current densities 1j  and 2j , and semiintegrals 
1M  and 2M . The straight lines are determined by two points at each potentials. Then 
 
12
2112
inf
MM
jMjM
j


  and 
12
2112
rev
jj
jMjM
M


   (9a and 9b) 
4. The )(Ek  determination of Imbeaux and Savéant (cf. Eq.3) is evidently a much more correct way 
of determination of parameters of kinetics, (
0k , 0E  and αa) and of diffusion ( redD ) than the widely 
used method of calculating 
0k  from CV peak separation [12] (see also Ch. 6.5.2 of [1]). The 
superiority can be traced back to the difference that the complete CV is used for the analysis – rather 
than single (albeit characteristic) data points only. The analysis presented in this paper uses the data 
of a couple of CVs together, hence probably leads to more accurate values of rate coefficients than 
all previous methods. 
5. Throughout this paper CV experiments were considered, and the scan-rate independency of 
)(inf Ej  and )(EM rev  was demonstrated. However, the condition of linearity of the )(tE  function 
has not been used up in the derivation, thus Eqs. 7 to 9 apply also for any non-linear )(tE  potential 
programs. Hence, generally speaking, the )(inf Ej  and )(EM rev  are the potential-program 
independent response functions of the system. Analogously, impedance and related functions such 
as admittance are also potential-program-independent response functions, because they do not 
„remember” the actual form of the potential perturbation (sinusoidal, white-noise, step function, 
Dirac-delta, etc) by which they have been determined. Based on the magnitude of )(tE , )(inf Ej  
together with )(EM rev  and impedance are the potential program independent large and small signal 
response functions, respectively.  
If )(inf Ej  and )(EM rev  are the potential-program independent functions, then their derivative with 
respect to potential are also potential program independent ones. Ej  inf  is a reciprocal of a 
charge transfer resistance, provided that diffusional hindrance of charge transfer is negligible. 
EM  rev  is known to be the coefficient of the Warburg-admittance in a reversible system [13]. 
This is how the large-signal and small-signal response functions (CV and impedance, respectively 
of the quasi-reversible systems) are related to each other through their potential-program invariant 
forms. 
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5. Conclusions 
Results presented here show how to transform quasi-irreversible CVs to yield two scan-rate 
independent functions. One of them is characteristic to charge transfer kinetics, the other to the 
diffusional flux. From algebra point of view, Eq. 7 is a simple combination of five well-known 
equations pertinent to the CV of quasi-reversible redox systems. The novelty of the present 
approach is in the use of Eq. 7: As in Eq. 8, we make use the implicit scan rate dependence of the 
current and of its semiintegral at a constant potential. In other words, the two functions are 
determined from more-than-one CVs of different scan rates rather than from a single CV.  
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